This report is a summary of research results from an Early Career LDRD project conducted from January 2012 to December 2013 at Sandia National Laboratories. Demonstrated here is the use of conducting polymers as active materials in the positive electrodes of rechargeable aluminum-based batteries operating at room temperature. The battery chemistry is based on chloroaluminate ionic liquid electrolytes, which allow reversible stripping and plating of aluminum metal at the negative electrode. Characterization of electrochemically synthesized polypyrrole films revealed doping of the polymers with chloroaluminate anions, which is a quasi-reversible reaction that facilitates battery cycling. Stable galvanostatic cycling of polypyrrole and polythiophene cells was demonstrated, with capacities at near-theoretical levels (30-100 mAh g -1 ) and coulombic efficiencies approaching 100%. The energy density of a sealed sandwich-type cell with polythiophene at the positive electrode was estimated as 44 Wh kg -1 , which is competitive with state-of-the-art battery chemistries for gridscale energy storage.
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INTRODUCTION AND BACKGROUND
Demand for rechargeable battery systems continues to increase with the growth of the electric vehicle market 1 and the introduction of stationary energy storage to the electrical grid. 2 Rechargeable batteries based on aluminum are attractive alternatives to those based on conventional chemistries because of the high charge-storage capacity and relatively low cost of aluminum. The volumetric capacity of aluminum metal is 8.0 Ah cm -3 , which is four times higher than that of lithium. Aluminum is also competitive in terms of gravimetric capacity (3.0 Ah g -1 vs. lithium's 3.9 Ah g -1 or sodium's 1.2 Ah g -1 ). Aluminum is the most abundant metal in the earth's crust, and its cost is significantly lower than that of most other metals used for electrochemical energy storage. This makes aluminum-based batteries particularly attractive for stationary energy storage, the large scale of which requires the use of inexpensive raw materials. 3 According to the US Geological Survey, worldwide production of aluminum (by weight) in 2010 was 1600 times that of lithium. 4 Although domestic lithium production is not disclosed by USGS, they do report that the net reliance on imports of lithium in 2006-2009 (as a percentage of consumption) was greater than 50%. 4 Over the same time period, the net reliance on imports of aluminum ranged from 0-38%. Thus, the domestic availability of aluminum makes it a much less expensive raw material than lithium, and this may have implications for battery production as demand increases.
Historically, aluminum batteries based on aqueous or high-temperature molten salt electrolytes have been the subject of extensive research but have not been considered for commercialization because of prohibitive technical barriers. 5 An alternative type of rechargeable aluminum battery is based on room-temperature ionic liquids comprising imidazolium salts and aluminum chloride (i.e. chloroaluminate ionic liquids, or CILs). Aluminum metal can be electrochemically plated and stripped with high efficiency (98.6-99.8% coulombic efficiency) at room temperature in such electrolytes, [6] [7] [8] [9] and these reactions form the basis for the negative electrode (anode) in a rechargeable aluminum-metal battery. Both aluminum metal and CIL electrolytes are non-flammable, so a battery based on these components would have significant safety advantages over conventional lithium-and sodium-based batteries. Furthermore, the conductivities of imidazolium-based CILs 7, 10 are on par with those of lithium-ion battery electrolytes.
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The main obstacle to development of a rechargeable aluminum battery based on CIL electrolytes is the identification of an active charge-storage material for the positive electrode (cathode). While the electrochemical plating and stripping of aluminum metal in CILs have been studied in great detail, 6-9, 12, 13 there have been far fewer demonstrations of active cathode materials for CIL-based batteries. One early demonstration of a rechargeable aluminum-metal cell used graphite as the active material at the positive electrode with a mixture of aluminum chloride (AlCl 3 ) and 1,2-dimethyl-3-propylimidazolium chloride as the electrolyte.
14 The proposed reaction at the positive electrode was the reversible intercalation and removal of Cl 2 from the graphite, but the presence of molecular chlorine in the graphite was not confirmed. A relatively flat cell potential around 1.7 V was observed, and the maximum charge-storage capacity was 35 mAh g -1 relative to the mass of graphite. This capacity rapidly decreased with cycling, which was attributed to disintegration of the graphite electrode. Another demonstration with a similar electrolyte utilized metal halides as active cathode materials. 15 During cell discharge, the metal halides presumably converted to aluminum halides. While some cycling of the cells was demonstrated, a significant amount of self-discharge occurred as a result of metal halide dissolution in the electrolyte. More recently, there have been reports of "aluminum-ion" cathodes using MnO 2 , 16 V 2 O 5 , 17 or fluorinated graphite 18 as Al(III)-insertion hosts in CIL electrolytes. However, evidence of an aluminum-intercalated phase was not given in any of these cases. Subsequently, electrochemical activity and apparent capacity at the cathode of the V 2 O 5 /Al cell were wholly attributed to a reaction between the CIL and the stainless steel current collector. 19 Given the great difficulties encountered in developing cathode materials that can reversibly insert divalent magnesium ions, 20 it is likely that the identification of a host for reversible insertion of trivalent aluminum will be an even greater challenge.
Perhaps the most promising active materials for positive electrodes in CIL-based aluminum batteries are conducting polymers. Such polymers can be electrochemically oxidized and reduced in electrolyte solutions, so they have been extensively researched as electrode materials for lithium-ion batteries. 21 Concurrent with electro-oxidation, the conducting polymer changes from neutrally-charged to positively-charged and is doped with anions from the electrolyte to maintain electro-neutrality. Upon electro-reduction of the polymer, the anions are transferred back to solution. The use of conducting polymers as anion-insertion electrodes in aluminumbased electrolytes has been demonstrated only a few times. Osteryoung and co-workers first demonstrated the electrochemical activity of polypyrrole, 22 polythiophene, 23 polyaniline, 24 and poly(p-phenylene) 25 electrodes in mixtures of AlCl 3 and 1-ethyl-3-methylimidazolium chloride (AlCl 3 :EMIC, one of the most common CILs) at room temperature. The polymers had been synthesized via electropolymerization in solutions containing the corresponding monomer and AlCl 3 :EMIC. Electrode characterization in these studies focused on cyclic voltammetry. Metrics that are important for battery characterization (such as specific capacity, coulombic efficiency, and cycling stability) were not reported. Only Koura and co-workers, in several demonstrations with polyaniline and poly(p-phenylene) electrodes in CIL-aluminum cells, reported a very limited amount of data on galvanostatic cycling, specific capacity, and self-discharge behavior. [26] [27] [28] [29] [30] Presented here is an examination of the use of polypyrrole and polythiophene as positive electrodes in aluminum battery cells with chloroaluminate ionic liquid electrolyte. Distinct from previous studies of conducting polymers in aluminum cells, characterization is focused on battery-relevant metrics, including gravimetric capacity, gravimetric energy density, coulombic efficiency, potential profile, cycling stability, and rate capability. Polymer electrodes in two different forms were examined: (1) electrochemically polymerized films in flooded, three-electrode cells and (2) composite electrodes made of commercially-available conducting polymers and binder in sealed sandwich-type cells. The relevant electrode reactions were identified and investigated using chemical and electrochemical analysis of the conducting polymer films. Cycling of the polymer electrodes was performed in AlCl 3 :EMIC electrolyte with concomitant stripping and plating of aluminum metal at the counter electrode. The results give a quantitative performance evaluation of conducting polymers as active cathode materials for rechargeable aluminum batteries operating at room temperature.
EXPERIMENTAL METHODS
Anhydrous aluminum chloride and the chloroaluminate ionic liquids are extremely sensitive to air and moisture. All chemical handling and cell preparation were performed in an argonfilled glove box (oxygen and water content < 1ppm) unless otherwise specified. Electrochemical cells (except for the sealed Swagelok®-type cells) remained in the glove box during electrochemical testing.
Chemicals
Pyrrole, thiophene, polypyrrole powder, and poly(thiophene-2,5-diyl) powder were used as received from Sigma-Aldrich. Aluminum chloride (99.999%, ultra dry), 1-ethyl-3-methylimidazolium chloride (98+%), SP carbon black, aluminum foil (various thicknesses, 99.99%), and aluminum wire (1.0 mm diameter, 99.99%) were used as received from Alfa Aesar. Acetonitrile (99.9%, extra dry), acetone (99.8%, extra dry), dibutyl pthlalate (99%), and diethyl ether (99.5%, extra dry) were used as received from Fisher Scientific (Acros Organics). Kynar Flex® 2801 (hexafluoropropylene-vinylidene fluoride copolymer) was used as received from Arkema.
AlCl 3 :EMIC mixtures were prepared by slowly adding appropriate amounts of aluminum chloride to 1-ethyl-3-methylimidazolium chloride and mixing with a magnetic stir bar. AlCl 3 :EMIC mixtures with a molar ratio greater than 1:1 were purified as follows with an electrochemical stripping/plating procedure similar to the electrolysis procedure employed by Tierney et al. 31 A two-electrode cell was assembled by immersing two pieces of aluminum foil (2-3 cm 2 each) into the mixture. Continuous plating onto the working electrode was performed at room temperature by galvanostatic hold (−5 or −10 mA) with a Princeton Applied Research 263A potentiostat/galvanostat. This current was applied until a transparent, light-yellow-tocolorless solution resulted and no further visible changes occurred (2-3 days). Fresh aluminum electrodes were introduced into the solution as necessary during this time period.
Electrochemical Polymerization and Characterization
Polymerization of pyrrole and thiophene on electrode surfaces was performed electrochemically at room temperature as follows. The polymerization solution consisted of 0.3 mole L -1 pyrrole or thiophene in AlCl 3 :EMIC (1:1 molar ratio), 22, 23, 32 which was prepared by stirring the monomer in AlCl 3 :EMIC for several minutes. The working electrode in the three-electrode cell had a circular exposed area and was made of glassy carbon (3-mm diameter, Bioanalytical Sciences) or stainless steel 316 (7/16-inch diameter). The counter and quasi-reference electrodes were made of aluminum wire. The three electrodes were suspended in the polymerization solution in a glass vial. Galvanostatic polarization was performed at +1 mA cm -2 (oxidative current density relative to the working electrode area) for a specified amount of time using a Princeton Applied Research 263A potentiostat/galvanostat. Following this step, the resultant polymercoated electrode was rinsed by dipping it in acetonitrile, which was then allowed to evaporate.
Electropolymerized films on glassy carbon were used for further electrochemical characterization at room temperature in three-electrode cells. The same three-electrode cell configuration in the glove box was used, but in this case the electrolyte was pure AlCl 3 :EMIC (1.5:1 molar ratio). The counter and quasi-reference electrodes were made of aluminum wire. Electrochemical experiments, including cyclic voltammetry and galvanostatic cycling, were performed with a Princeton Applied Research 263A potentiostat/galvanostat.
Electrochemical Quartz Crystal Microbalance (EQCM)
Electrochemical polymerizations of pyrrole and thiophene were also performed on an EQCM at room temperature using a Princeton Applied Research QCM922 instrument with a well-cell resonator holder. The platinum resonator also acted as the working electrode for electropolymerization, and aluminum wires were placed in the cell as counter and reference electrodes. For each experiment, an aliquot of 250-300 µL of polymerization solution was added to the well immediately prior to electropolymerization. Electrochemical polymerization was performed galvanostatically at +1 mA cm -2 for 400 seconds, as described in the previous section. The resonant frequency of the resonator was monitored and recorded before, during, and after this polymerization step. The Sauerbrey Equation 33 was used to convert changes in resonant frequency to changes in mass.
Chemical Characterization
Electropolymerized polypyrrole films that peeled easily off the stainless steel substrate were transferred under argon to a dry room, where they were weighed on a laboratory balance with 10-µg resolution. Fourier transform infrared (FTIR) spectra of electropolymerized polypyrrole films were recorded on a Thermo Nicolet iS10 FTIR equipped with a Smart Orbit (Diamond) ATR (attenuated total reflectance) accessory, all of which were also located in the dry room. The dew point of the dry room was maintained at less than −40°C. Other samples of peeled-off, electropolymerized polypyrrole films were packaged under argon and sent to ALS Life Sciences in Tucson, AZ for elemental analysis, which included micro CHN analysis, ion chromatography with an oxygen flask, and inductively couple plasma.
Electrode Tape Fabrication
Free-standing composite electrodes (called "tapes") with polypyrrole, polythiophene, or mesocarbon microbeads (MCMB) as active materials were fabricated in the dry room (<−40°C dew point) using the Bellcore method 34 as follows. Polypyrrole, polythiophene, or MCMB powder was mixed with Kynar Flex® 2801 (as binder), SP Carbon Black (as conductive additive), and dibutyl phthalate (as plasticizer) in a small vial with the approximate weight ratio 6:3:1:3. An excess of acetone was added to the vial, and the suspension was stirred with a magnetic stir bar until a smooth consistency was formed (30 minutes for polythiophene, 48 hours for polypyrrole, and 90 minutes for MCMB suspensions). The suspension was cast onto a moisture-resistant polyester (polyethylene terephthalate, or PET) film with a doctor blade, and the acetone was allowed to evaporate. The resultant electrode-tape was passed through a laminator at 130°C, and dibutyl phthalate was extracted from the tape by immersing it in diethyl ether three times for fifteen minutes each time. The weight-percent of active material in the resultant film was calculated by the mass of powders added to the original mixture (approximately 60 wt% in each case). Discs with 6-mm diameter were punched from the electrode tapes, weighed on a laboratory bal-ance having 10-µg resolution, and transferred in a dry container from the dry room to the glove box.
Assembly and Testing of Sandwich-Type Cells
Custom-made Swagelok® cell fixtures consisted of a polytetrafluoroethylene (PTFE) body (6-mm diameter channel), glassy carbon rod as cathode current collector, and copper disc as anode current collector. A copper rod (alloy 110) and copper-plated spring were also used at the anode to compress the cell components. The separators were Whatman® GF/D glass microfiber mats (0.67 mm dry thickness). Cells were assembled in the glove box by stacking the cathode-tape disc, one separator disc soaked in AlCl 3 :EMIC (1.5:1 molar ratio), and one aluminum disc in the fixture. Cells were sealed and removed from the glove box for testing. Galvanostatic cycling of the cells was performed on an Arbin BT-2043 multichannel battery cycler with the cells in a temperature chamber maintained at 30°C.
RESULTS AND DISCUSSION
Electrochemical Polymerization
Both pyrrole and thiophene were electrochemically polymerized with the chloroaluminate ionic liquid AlCl 3 :EMIC as electrolyte. This allowed fast and simple preparation of polypyrrole and polythiophene, to be tested as active materials for the positive electrode (cathode) in rechargeable aluminum battery cells. Typically, oxidative electropolymerization produces a cationic conducting polymer and is accompanied by "doping" with anions from the electrolyte solution to maintain electro-neutrality. 21 In the work presented here, electropolymerization was performed in the same electrolyte as the cycling aluminum batteries to prevent contamination and unwanted side reactions and to ensure that the polymer was doped with compatible chloroaluminate anions. Galvanostatic polarization was used for the polymerization to allow systematic variation of the amount of polymer deposited and to ensure that a repeatable amount of polymer was deposited. This is distinct from previous demonstrations of electropolymerization in CIL electrolytes, in which potentiostatic polarization was used. 22, 23, 32 For the electropolymerization on glassy carbon substrates, a current density of 1 mA cm -2 and polymerization time of 400 seconds were used. For both monomers, this electrochemical polymerization produced a dull black film on the electrode surface. The applied current density and resultant potential vs. time are shown in Figures 1 and 2 for pyrrole and thiophene, respectively. Galvanostatic polarization produces an immediate jump in potential in both cases. As shown in Figure 1 (b), polymerization of pyrrole on glassy carbon or platinum occurred around 1.4 V vs. Al (all potentials quoted here are relative to the aluminum metal quasi-reference electrode in the same electrolyte as the given cell). This potential is significantly more oxidizing than the applied potential in previous demonstrations of pyrrole polymerization in CILs. 22, 32 Thus, the applied current density produced a potential that should be sufficient for polymerization. Similarly, electro-oxidation of thiophene at 1 mA cm -2 occurred above 1.8 V, as shown in Figure 2 (b), and this should be sufficiently oxidizing to induce polymerization.
The same electropolymerization protocol (1 mA cm -2 for 400 seconds) was used in EQCM cells in which the working electrode was made of platinum. As shown in Figures 1(b) and 2(b), the potential response from galvanostatic polymerization for both monomers was similar in glassy carbon and EQCM cells. Slight differences in potential between the two types of cells may be simply due to a difference in ohmic drop considering that the cell geometries (flooded vial cell vs. EQCM well-shaped cell) are quite different. Thus, it is presumed that quantitatively similar polymerization occurred on glassy carbon and platinum substrates. For the EQCM cell, the platinum working electrode also acts as the resonator, which is sensitive to the presence of added mass. The resonant frequency of this electrode vs. time during electropolymerization is shown in Figures 1(c) and 2(c) for pyrrole and thiophene, respectively. For pyrrole polymerization, a linear decrease in resonant frequency was observed for the period of time in which the constant current density was applied. For thiophene polymerization, the first ~50 seconds of galvanostatic polarization produced no change in resonant frequency while the potential gradually increased. After a maximum in potential was reached, the potential gradually decreased and the resonant frequency decreased in a roughly linear way. The ~50-second initiation period may be a non-faradaic process in which no polymerization occurs while the potential is increased to a value sufficiently oxidizing for polymerization. The steady decrease in resonant frequency after this initiation period suggests that the remainder of the polarization results in continued polymerization with the polymer being deposited on the electrode surface.
The linearity of the QCM frequency response for both monomers in the range examined is strong evidence that the deposited polymer films act as rigid layers. 35 Any amount of swelling in such a "rigid-layer" film with liquid from the electrolyte is not sufficient to produce viscoelastic behavior; the absence of viscoelastic behavior allows use of the Sauerbrey Equation to relate changes in frequency (Δf) to changes in mass (Δm). 33 Thus, the changes in frequency observed for pyrrole and thiophene polymerizations were used to calculate the masses of polymer deposited. EQCM polymerizations of pyrrole and thiophene were each performed in quadruplicate, and the average and standard deviation values are shown in Table 1 . The in situ Δf values were calculated by taking the stable frequency values, with electrolyte present in the cell, before and after the 400-second polymerization period. The Δm values, also shown in Table 1 , were calculated using the Sauerbrey Equation and normalized to electrode area. Because the EQCM electrode surface was initially bare, the normalized Δm values correspond to the total amount of polymer on the electrode. These values will be used below to estimate the gravimetric charge-storage capacity of the conducting polymers in CIL electrolytes. As further confirmation of rigid-layer behavior, ex situ Δf and Δm values were also calculated by measuring the resonant frequency values before and after polymerization in the absence of electrolyte solution. After polymerization, the electrode was rinsed in acetonitrile. The excess acetonitrile was removed, and the resonant frequency of the electrolyte-free electrode was immediately measured. The close agreement between in situ and ex situ Δf values is further confirmation that the presence of electrolyte liquid has a negligible effect on the measurement of polymer film mass using QCM. 
Characterization of Electropolymerized Polypyrrole Films
Electrochemical polymerization of thicker polypyrrole films on stainless steel produced cohesive, black films that easily peeled off the substrate after rinsing in acetonitrile. These freestanding polypyrrole films were used for further characterization because they were easy to transport and handle. The FTIR spectrum of such a polypyrrole film (1 mA cm -2 polymerization for 1000 seconds) is shown in Figure 3 . The seven prominent FTIR peaks in Figure 3 closely match those of previously published spectra for polypyrrole doped with ClO 4 − or AsF 6 − . 36 The wavenumbers of these peaks are given in Table 2 along with the corresponding wavenumbers of an undoped polypyrrole sample from the same reference. Also given in Table 2 are the assignments for five of the peaks as described by Tian and Zerbi. 37 The wavenumbers of the peaks for the sample synthesized here match those of the doped sample much more closely than those of the undoped sample. This is strong evidence that the galvanostatic polymerization of pyrrole in CIL electrolyte produced doped polypyrrole. Such identification was assumed in previous studies of polypyrrole synthesis in CIL electrolyte but was not confirmed. Thicker polypyrrole films that peeled off the substrate were also weighed with a laboratory balance for comparison with QCM-measured mass. The mass was varied by varying the polymerization time at 1 mA cm -2 . Shown in Figure 4 are the resultant mass values as a function of the total applied charge during polymerization. At lower values of applied charge, a linear relationship between the two values was observed because the amount of polymer mass created was proportional to the amount of charge applied during polymerization. This is similar to the EQCM observation in which resonant frequency linearly decreased with polymerization time. A least-squares linear fit of the four data points with mass less than 1.5 mg in Figure 4 produces a slope of 2.64 mg mAh -1 . For comparison to EQCM measurements, this value is multiplied by the area-specific amount of charge applied in EQCM experiments (0.111 mAh cm -2 ) to obtain a value of 0.293 mg cm -2 . This value is close to the mass loading calculated with the Sauerbrey Equation and given in Table 1 . This is further confirmation of the validity of the EQCMSauerbrey method described above. As thicker films are polymerized, the amount of mass deposited per unit charge tends to decrease, as shown in Figure 4 . This may be due to less efficient polymerization or lower amounts of doping in thicker films. The film mass data in Figure 4 is also useful for estimating the amount and type of doping that occurs in the polymerization process in CIL electrolyte. The electrochemical synthesis of polypyrrole has been well documented using other electrolyte media and a variety of anion dopants such as ClO 4 − , BF 4 − , and PF 6 − . 38 In the case of AlCl 3 :EMIC with a molar ratio 1:1, the main anionic component is AlCl 4 − because the AlCl 3 molecules form complexes with the Cl − ions from EMIC. However, AlCl 4 − can dissociate into Al 2 Cl 7 − and Cl − , so all three anions are present to some extent in the solution. 7, 39 Assuming the polymer becomes doped with one of these ions during electropolymerization, theoretical values can be calculated as follows for the synthesized polymer mass (i.e. mg mAh -1 with respect to applied polymerization charge). The doping amount after polymerization and with subsequent cycling is 3 to 4 pyrrole monomers per anion equivalent and is largely independent of the anion used. 38 During oxidative polymerization, the total amount of charge consumed is two equivalents per monomer plus one equivalent per monovalent anion molecule. The calculated theoretical values are shown as lines in Figure 4 for each of the three anions, assuming a dopant level of one anion per four monomer units (25% doping). As is evident in Figure 4, Elemental analysis was performed on electrochemically synthesized films to obtain a better estimate of the dopant level and identity. Repeated polymerization experiments at 1 mA cm -2 for 50-100 minutes on stainless steel substrates (0.97 cm 2 ) were performed until a total of ~40 mg of sample was obtained. The results, in mass-percent and mole-percent, are shown in Table  3 . The presence of aluminum and chlorine confirms that the dopants are chloroaluminate anions. The molar ratio of chlorine to aluminum is 3.82, indicating that the polymer film consists of 77.7 mol% AlCl 4 − dopant and 22.3 mol% Al 2 Cl 7 − dopant. The ratios of Al and Cl to N can be used to calculate a dopant level of 24.6%, or one anion equivalent per four pyrrole monomers. This is the first known measurement of dopant level in a polypyrrole-chloroaluminate material, and it is in close agreement with dopant levels in other forms of polypyrrole. 38 Considering that the samples used for this elemental analysis ranged from 2-3 mg, this measured dopant level is in agreement with the data in Figure 4 , which shows that a mixture of AlCl 4 − and Al 2 Cl 7 − must be present if the dopant level is 25%. Thicker films probably tend toward a larger proportion of AlCl 4 − due to a depletion of AlCl 3 in the polymerization solution with continued reaction. Thinner films, such as those fabricated in EQCM experiments here, may tend toward a higher proportion of Al 2 Cl 7 − . However, this could not be confirmed because the observations in Figure 4 may also be due to higher dopant levels in thinner films. 
Proposed Electrode Reactions
In the aluminum battery cell proposed here, the reversible reaction at the negative electrode is the well-known stripping and deposition of aluminum metal with CIL electrolytes: [6] [7] [8] [9] Al + 7AlCl 4 − ↔ 4Al 2 Cl 7 − + 3e
The cationic species in the electrolyte does not participate in the reaction. The Al 2 Cl 7 − anion is a complex of two AlCl 3 molecules and one Cl − ion. Aluminum can only be electrodeposited when Al 2 Cl 7 − is present. In the case of AlCl 3 :EMIC, Al 2 Cl 7 − is present when there are more moles of AlCl 3 than EMIC (also known as an acidic solution). Thus, the electrolyte must be maintained in an acidic condition; i.e. the molar ratio of AlCl 3 to EMIC must be greater than one. Given the conclusion from the preceding section that the conducting polymers are doped with chloroaluminate anions from the electrolyte, the following reaction is proposed for the positive electrode (cathode):
where X is an arbitrary host for cations, which alternates between being positively charged or neutral. X can be any number of monomers in a conducting polymer or can be another oxidizable host for anions, such as graphite. 40, 41 The full cell reaction is the sum of the positive and negative electrode reactions (cell discharge from left to right):
The only anions in the fully charged cell are AlCl 4 − anions, and the only anions in the fully discharged cell are Al 2 Cl 7 − . Thus, the composition of the electrolyte (i.e. its acidity) changes with state-of-charge. At intermediate states-of-charge, the cathode host may be doped with a mixture of the two chloroaluminate anions, as was shown in the preceding section. There are no free Cl − ions in the cell reaction, as this would be mean the electrolyte is in a basic condition and unable to electrodeposit aluminum metal at the negative electrode.
The combination of metal anode and anion-insertion cathode in the full cell reaction results in a cycling mechanism that is distinct from "rocking chair" batteries such as lithium-ion batteries. The cycling mechanism proposed here relies on the participation of electrolyte anions, and the amount of freely mobile in the liquid electrolyte changes with state-of-charge. As shown in Equation 4, the electrolyte anions do not cancel out of the full cell reaction. The amount of electrolyte must be scaled with the amount of cathode material X. As such, estimations of gravimetric or volumetric energy density must account for the amount of electrolyte present in addition to the amount of electrode material. An upper bound for theoretical gravimetric chargestorage capacity can be calculated by using the full cell reaction and incorporating cations such 
The cations must be present to balance the charge of anions, so they are included in the calculation of gravimetric capacity. Using the right side of Equation 4, the molecular weights of 4EMI, 4Al 2 Cl 7 − , and 3X are used with a three-electron transfer to calculate gravimetric capacity. An upper bound for capacity is calculated by considering a weightless cathode host (i.e. molecular weight of X equals zero), and the resultant value is 48.6 mAh g -1 . If X is equivalent to four pyrrole monomers, as was observed experimentally in the previous section, the capacity is 32.7 mAh g -1 . If X is equivalent to four thiophene monomers, the capacity is 30.2 mAh g -1 . These capacity values are specific to the total mass of all active cell components, including the CIL electrolyte and aluminum metal anode. For a cell with a nominal voltage of 1.6 V, the theoretical energy density would range from 48 to 78 Wh kg -1 . Using this strategy, the electrodespecific capacities measured in the following sections will be used to estimate cell-specific energy densities.
Electrochemical Characterization of Conducting Polymer Films
Films of polypyrrole and polythiophene that were electrochemically synthesized on glassy carbon substrates underwent electrochemical characterization in three-electrode cells. The electrolyte used for characterization was AlCl 3 :EMIC with a 1.5:1 molar ratio (an acidic composition). This CIL has an approximately equimolar amount of AlCl 4 − and Al 2 Cl 7 − and thus would be the composition at which the proposed battery cell is at 50% state-of-charge. This is also more appropriate for a battery-related study than the neutral and basic CIL electrolyte used in previous studies of polypyrrole 22, 32 and polythiophene. 23 The neutral and basic compositions contain only negligible amounts of Al 2 Cl 7 − , so they do not allow the reversible plating and stripping of aluminum metal that is required for a rechargeable battery.
Cyclic voltammograms (CV) of both polymer films were recorded at room temperature with 1.5:1 AlCl 3 :EMIC electrolyte. Prior to the CV experiments, the electrodes were removed from the polymerization solution, rinsed in acetonitrile, immersed in pure 1.5:1 AlCl 3 :EMIC, and allowed to rest at open circuit for one hour. CV curves recorded at 10 mV s -1 over the range 0.1-2 V vs. Al are shown in Figure 5 (dashed lines) and compared to the same CV of a bare glassy carbon electrode (bold solid line). Polypyrrole and polythiophene films exhibited significant electrochemical activity compared to the bare electrode. Faradaic redox processes (exhibited by peak-pairs) and non-faradaic activity (exhibited by broad current-potential curves) were both observed in both polymers. The faradaic redox process in each polymer is presumably the aniondoping reaction described above. The non-faradaic activity is due to double-layer charging (capacitance) at the polymer surface, which may proceed via mechanism similar to anion-doping. For both polymers, non-faradaic activity was only observed at potentials more positive (oxidizing) than the redox potential of the faradaic process. This is because a conducting polymer is insulating below the redox potential, i.e. in its neutrally-charged form. Non-faradaic cycling is only possible at potentials above the redox potential, when the polymer is in its oxidized, conducting, doped form.
The CV curves in Figure 5 are qualitatively similar to previously published curves; 22, 23 any difference in shape and redox potential could simply due to a difference in polymerization procedure or electrolyte composition. The broad shape of the redox peaks prevents a precise determination of redox potential. However, Figure 5 shows that the redox potential of polythiophene was about one volt higher than that of polypyrrole, which is in agreement with previous observations in other electrolytes. 38 This also suggests that polythiophene is a better candidate for application in aluminum batteries, which require as high a voltage as possible to achieve high energy density.
Although the curves in Figure 5 have no resemblance to a classically reversible CV shape, the amount of charge transferred during oxidation was approximately equal to that transferred during reduction over the potential range 0.1-2 V. When the potential range was extended to 0.1-2.6 V, as shown in Figure 6 , additional redox processes occurred at higher potentials. These processes were highly irreversible as the amount of charge transferred during oxidation was significantly higher than that transferred during reduction. As shown in Figure 6 , such irreversible processes also occurred to a significant extent on the bare glassy carbon electron. Thus, they can be attributed to reactions arising mainly from the CIL electrolyte. This was previously observed with 1.5:1AlCl 3 :EMIC on tungsten electrodes and was attributed to chlorine evolution from AlCl 4 − . 42 In both the previous report on tungsten electrodes and the present report on glassy carbon electrodes, the irreversible reaction or reactions occurred above 1.5 V and, to a more significant extent, above 2.3 V. These anodic limits will determine the upper voltage limit of a rechargeable aluminum battery based on AlCl 3 :EMIC.
Following ten CV cycles to an upper limit of 2.6 V, such as those shown in Figure 6 , a change in the redox behavior of both polymer films at lower potentials was observed. This process is referred to here as "over-oxidation," and its effect is shown in the CV curves of Figure 5 . Oxidation of the polypyrrole film to 2.6 V changed both the faradaic and non-faradaic aspects of charge transfer. Current densities were higher overall, and the redox peak-pair became broader and higher in potential, possibly splitting into two peaks. In the case of the polythiophene film, over-oxidation shifted the redox peak-pair to higher potentials and sharpened the oxidation peak. These effects have not been observed previously in other studies, and their cause or causes were not identified in this study. One possible explanation is that the polymers became chlorinated upon oxidation, forming poly(3-chlorothiophene) or poly(3,4-dichlorothiophene), due to the high amount of chloroaluminate species in the electrolyte. As was previously demonstrated, substitu- tion of halogens on the β positions of thiophene rings in polythiophene can result in an upward shift in redox potential by as much as 0.4 V. 43 Such a change in polymer chemistry could also change the morphology and surface characteristics of the bulk polymer film, which would have an effect on non-faradaic electrochemical behavior.
Following cyclic voltammetry experiments, galvanostatic cycling was performed on the electropolymerized, over-oxidized films in 1.5:1 AlCl 3 :EMIC vs. aluminum counter and reference electrodes as an initial evaluation of their suitability for rechargeable batteries. Potential profiles are shown in Figure 7 for cycling at 10 µA cm -2 with various voltage limits above 0.6 V vs. Al. Considering the capacities per unit area achieved in both polymers, the current density corresponds to a cycling rate of "1C" (one charge or discharge per hour). The potential profiles of polypyrrole films were more sloping throughout the voltage range than those of polythiophene due to the non-faradaic nature of the charge transfer in these potential ranges. For polypyrrole, there was not a strong dependence of capacity on voltage limits. By contrast, polythiophene has a sloping voltage profile only above ~1 V; at lower potentials, it exhibited negligible capacity, as in the CV results. Thus, the capacities achieved in polythiophene films were more dependent on voltage limits, and significantly higher capacities were achieved with the voltage limits at higher values. For both polymer films, charging up to 1.9 V resulted in non-negligible amount of irreversible capacity. Also shown in Figure 7 is the effect of over-oxidation of the polymer films on the galvanostatic cycling profile. Over-oxidation did not have a strong effect on the voltage profile of polypyrrole at this cycling rate and over this voltage range, but it did produce a slight shift upward in voltage for polythiophene, which is in agreement with the CV observation. . Voltage ranges were 0.9 -1.9 V (a and e), 0.8 -1.8 V (b and f), 0.7 -1.7 V (c and g), and 0.6 -1.6 V (d and h).
Cycling stability of the conducting polymers in aluminum cells was evaluated by cycling polypyrrole and polythiophene film-electrodes fifty times with three different sets of voltage limits. The capacity per unit area and coulombic efficiency (discharge capacity divided by charge capacity) of polypyrrole electrodes as a function of cycle number are shown in Figure 8 . Cycling was relatively stable over 50 cycles, especially within the voltage limits 0.8 -1.8 V. There was a slight dependence of capacity on voltage range, with higher capacities achieved at higher voltages. The lower coulombic efficiencies at higher voltages were most likely due to irreversible chlorine evolution, as discussed above. 42 Nevertheless, the average coulombic efficiencies for cycling over 0.8 -1.8 V were close to 99%. The gravimetric capacities, given on the right axis of Figure 8a , were estimated by multiplying the area-specific capacity by the EQCM-measured mass loadings from Table 1 . This gravimetric capacity is specific to the mass of doped polymer. Theoretically, polypyrrole doped with one AlCl 4 − per four monomers (the composition determined above) would have a gravimetric capacity of 61.3 mAh g -1 , approximately two times that of the observed values. Given the significant amount of electrochemical activity observed over a broad voltage range in the CV, especially at lower voltages, the theoretical capacity could likely be achieved by using a wider voltage range for polypyrrole cycling. This was not attempted in the present study because broader potential ranges are less useful for battery applications. Figure 7 . Markers and error bars are the average and standard deviation, respectively, of four identically prepared samples. Gravimetric capacity on the right axis was estimated using the mass loadings measured by EQCM (Table 1 ). The capacity per unit area and coulombic efficiency of polythiophene electrodes as a function of cycle number are shown in Figure 9 . Cycling was very stable over 50 cycles for each set of voltage limits. There was a strong dependence of capacity on voltage range, with capacities for the 0.8 -1.8 V range being 50% higher than those for the 0.6 -1.6 V range. As with polypyrrole, higher capacities corresponded to lower coulombic efficiencies. Chlorine evolution seemed to be slightly more significant in polythiophene than in polypyrrole because the average coulombic efficiencies were slightly lower. Nevertheless, the coulombic efficiencies ranged from 96% to 100%, indicating excellent reversibility. The gravimetric capacities, given on the right axis of Figure 9a , were significantly higher than those of polypyrrole. Theoretically, polythiophene doped with one AlCl 4 − per four monomers would have a gravimetric capacity of 53.0 mAh g -1 .
The observed values are much higher than this. One possible or partial explanation for this is that polythiophene achieves a higher extent of doping than polypyrrole in this electrolyte. However, doping levels above 33% have rarely been observed in polythiophene. 21 A more likely explanation is that the polythiophene was polymerized in an undoped state. The theoretical specific capacity for undoped polythiophene is 79.6 mAh g -1 or 106 mAh g -1 for a transfer of one electron per four or three monomers, respectively. This explanation is likely because the opencircuit potentials (OCP) of polythiophene electrodes in 1.5:1 AlCl 3 :EMIC immediately after polymerization ranged from 0.8 V to 1.1 V, which are lower values than the redox potential ob-served in CV. Thus, the polymer after electrochemical synthesis was probably in its reduced, undoped state. The corresponding theoretical capacity values are closer to the observed values. A third possible explanation for the discrepancy is that the adhesion of electropolymerized polythiophene on QCM-platinum electrodes was worse than on glassy carbon electrodes. If this is the case, the amount of polythiophene deposited on glassy carbon would be higher than expected from the QCM measurements. Thus, the gravimetric capacity values in Figure 9 would be artificially high due to an underestimate of the polythiophene mass on the electrode.
Polythiophene film electrodes were cycled at different rates in three-electrode cells to evaluate the rate capability of the electrode reaction. The cycling behavior is shown in Figure  10 , with the approximate effective "C-rates" (number of charges or discharges per hour) for each current density. The electrodes were subjected to rates of 1, 10, and 50 µA cm -2 over the voltage range 0.6 -1.6 V. In general, higher current density corresponded to lower capacity and higher coulombic efficiency. However, a 50-fold increase in current density reduced the capacity by only ~20% and brought the coulombic efficiency up to 100%. This shows that the anioninsertion cycling mechanism in these conducting polymer electrodes is able to accommodate high reaction rates and thus may lead to batteries with high power output. As a test of long-term cycling, one polythiophene film on glassy carbon was cycled four hundred times at 10 µA cm -2 over the voltage range 0.6 -1.6 V. At the 10 th cycle, the electrode achieved 5.66 µAh cm -2 discharge capacity and 100.4% coulombic efficiency; at the 400 th cycle, the electrode achieved 5.64 µAh cm -2 discharge capacity and 99.6% coulombic efficiency. The negligible decrease in capacity and consistently high coulombic efficiency indicate excellent long-term stability and performance of the conducting polymer in CIL electrolyte.
Cycling of Sealed Sandwich-Type Cells
Composite electrodes containing commercially produced polypyrrole or polythiophene in powder form, organic polymer binder, and conductive additive (carbon black) were fabricated as a step toward prototyping of the proposed aluminum batteries. The composite electrodes are referred to as tapes (instead of coatings) because they are freestanding and not deposited on a substrate. As opposed to the flooded cells with thin-film conducting polymer electrodes tested in the glove box as described above, the electrode tapes were tested in sealed Swagelok®-type cells outside the glove box. Swagelok®-type cells are two-electrode cells with the aluminum anode, electrolyte/separator, and cathode sandwiched with a spring between current collector rods. As shown previously, the CIL electrolytes are electrochemically reactive with stainless steel electrodes, which can lead to false capacity measurements. 19 Thus the current collector on the cathode side in the present study was made of glassy carbon. The current collector on the anode side was composed of a copper rod, copper-plated spring, and copper disc. Cells with no electrode tape on the cathode side (only the glassy carbon rod) exhibited negligible capacity upon cycling, which confirmed that 1.5:1 AlCl 3 :EMIC electrolyte was not electrochemically reactive with the cell components.
Immediately following cell assembly and prior to charge-discharge cycling, the opencircuit potentials of cells containing polypyrrole and polythiophene cathodes were 1.6 V and 1.2 V, respectively. The sealed cells were initially cycled five times at high galvanostatic rates (160 -200 mA g -1 specific to the mass of active cathode material) over a broad voltage range (0.1 -2.6 V). These "conditioning cycles" were executed in an attempt to recreate the over-oxidation effect described above and to replace any native dopants with the chloroaluminate dopants. The dopant identities and quantities of the as-received polypyrrole and polythiophene powders were unknown as of this writing of this report.
Following the conditioning cycles, cells with polypyrrole and polythiophene cathodes were cycled galvanostatically at rates of 20 mA g -1 and 16 mA g -1 , respectively. Each of these specific current values corresponds to the theoretical cycling rate of 0.2C if the polymer is assumed to be undoped with the capacity for one electron equivalent transferred per four monomers (99.9 mAh g -1 for polypyrrole and 79.6 mAh g -1 for polythiophene). Potential profiles for the fifth and one-hundredth cycle at these rates with voltage limits of 0.8 V and 2.0 V are shown in Figure 11 . Polypyrrole reached about half its theoretical capacity, which is evidence that the as-received powder is in a doped or partially-doped state. The shape of the potential curve did not change significantly with cycling despite the loss of capacity. The subtle potential plateau around 1.3 V suggests a faradaic process, which was unexpected given the lower redox potential observed in CV experiments. The cause of this discrepancy is unknown, but it may be due to a chemical or structural difference between electrochemically and chemically synthesized forms of polypyrrole. By contrast, the polythiophene potential curve did not exhibit any obvious plateau.
However, it was electrochemically active in the same potential range as that of the CV study. The polythiophene cells reached theoretical capacity. ~80 mAh g -1 relative to the mass of undoped polymer. Thus, it is highly likely that the commercial polythiophene powder is in an undoped form; otherwise, it would be difficult to reach such high gravimetric capacity.
The observations that the polypyrrole powder is initially in a doped form and the polythiophene powder is in an undoped form are further supported by the initial OCP values given above. The polypyrrole cell exhibited a relatively high OCP, above the redox potential of polypyrrole. The polythiophene cell exhibited a relatively low potential, below the redox potential of polythiophene observed in CVs. Further proof of this is the fact that the undoped form of polypyrrole is unstable in air 36 (the environment in which the electrode tapes were fabricated), while polythiophene is air-stable whether in a doped or undoped form. 44 The achievement of theoretical capacity for undoped polythiophene confirms that the amount of charge stored is approximately one electron transferred per four thiophene monomers. Thus, the identity of the arbitrary cathode host X in Equation 4 is four molecules of thiophene, and the overall gravimetric capacity is 30.2 mAh g -1 relative to the combined mass of all active cell components (aluminum metal anode, AlCl 3 :EMIC electrolyte, and polythiophene cathode). This value can be multiplied by the average cell potential (1.47 V as measured from the 5 th -cycle data in Figure 11b ) to obtain a specific energy of 44.4 Wh kg -1 . For polypyrrole, this calculation is more difficult because the doping level cannot be determined from the data in Figure 11a . If the assumption of four monomers per electron transferred holds for polypyrrole in powder form, as it did for the electrodeposited samples, then a specific energy of 46.4 Wh kg -1 is calculated (using the average cell potential from Figure 11a, 1.42 V) .
Continued cycling behavior for the first 100 cycles of polypyrrole and polythiophene cells at 20 mA g -1 and 16 mA g -1 are shown in Figure 12 . Data for several ranges of voltage limits were tested, and the expected trend of higher capacity for higher voltages was observed for the sealed cells, as it was for the cells with electrodeposited polymer. Capacities measured for the sealed polypyrrole cells were roughly in agreement with those of the electropolymerized films above. Capacities measured for the sealed polythiophene cells were less than half of those of the electropolymerized films. This may be due to inaccuracies with the QCM measurements, as described above, or to chemical or structural differences between electropolymerized films and powders. Coulombic efficiencies for the sealed polypyrrole and polythiophene cells of Figure 12 were greater than 91% and 96%, respectively, but a clear relationship to voltage limits was not observed. Also shown in Figure 12b is the cycling behavior of a cell with MCMB composite tape as the cathode, cycled with the same voltage limits as the polymer cells. MCMB is a carbonaceous material commonly used for lithium-ion battery electrodes. It was used here as a control, to test whether the observed capacities were simply the result of a surface reaction that would occur on any conductive material or on the conductive additive (carbon black). As shown, the capacities of the MCMB cell were significantly lower than all of those with the conducting polymer cells. Thus, the observed capacities are unique to the conducting polymers and most likely arise from the proposed anion-doping reaction.
For a proof-of-concept demonstration, the results in Figure 12 show excellent cycling stability. Between the 20 th and 100 th cycles, the polypyrrole cells exhibited 14-26% loss in capacity, and the polythiophene cells exhibited only 13% loss. Upon disassembly of all the cells, the electrolyte and separator appeared to be contaminated with dark-colored material. Thus, the most likely cause of capacity decay was loss of the active material to the electrolyte solution. Although the electropolymerized films were not prone to dissolution in the electrolyte, as evidenced by their cycling behavior and appearance, it is very likely that the polymer binder in the electrode tapes does not completely confine the conducting polymers to the electrode. Indeed, some disintegration of the electrode tapes was visually observed when they were placed in a vial full of AlCl 3 :EMIC electrolyte. The binder itself may dissolve or degrade in the electrolyte. This particular binder material is common to lithium-ion electrodes, and it is quite possible that the chemistry used in this study requires a different type of binder. The binder in any such composite electrode must serve the dual purpose of confining the other electrode materials whilst allowing ion transport (often via solvent swelling) to the active material. It is unclear whether the electrolyte-binder combination in this study allows swelling and ion transport without completely dissolving and releasing the active materials. Thus, higher capacities and better cycling could be achieved with an optimal binder material. Nevertheless, the loss of active electrode material to the electrolyte in the cells of the present study does not appear to short the cells or to greatly alter their voltages, as shown in the comparisons between the 5 th and 100 th cycles in Figure 11 . 
CONCLUSIONS
Presented here are a proof-of-concept and quantitative evaluation of conducting polymers (polypyrrole and polythiophene) as active materials for the positive electrode in rechargeable aluminum batteries operating at room temperature. This battery chemistry is based on acidic chloroaluminate ionic liquids, with which aluminum metal can be reversibly stripped and plated at the negative electrode. Previous demonstrations showed that these materials could potentially be useful in aluminum-based batteries. However, they lacked understanding of the fundamental cycling mechanisms and quantitative cell characterization with battery-relevant conditions and metrics.
The electrochemical synthesis and characterization of conducting polymer films on glassy carbon electrodes with CIL electrolyte was performed to investigate cycling mechanisms and fundamental electrochemical performance of the materials. FTIR spectroscopy, mass measurements with a laboratory balance, and elemental analysis were used to prove that polypyrrole films synthesized in this way were doped with chloroaluminate anions from the electrolyte solution. The doping level was measured as approximately four monomer units per anion dopant molecule. Cyclic voltammetry showed faradaic and non-faradaic electrochemical activity in both polypyrrole and polythiophene, with the electrochemical activity of polythiophene concentrated at higher potentials (above 1 V vs. Al metal). Galvanostatic cycling of both types of polymer films was highly stable, showing negligible losses in capacity after 50-400 cycles. The high coulombic efficiencies approaching 100% showed that anion-doping of the polymers in CIL electrolytes is highly reversible and appropriate for a rechargeable battery. The cycling behavior of polythiophene exhibited a strong dependence on voltage limits, with higher voltages produces higher capacity and lower coulombic efficiency. Electrochemical quartz-crystal microbalance was used during electrochemical polymerization to estimate the amount of deposited mass on the electrode, and these values were used to estimate gravimetric capacities. The resultant estimates of 30-100 mAh g -1 (specific to polymer mass) were on par with theoretically-predicted values. The polythiophene electrodes also exhibited excellent rate capabilities, with minor decreases in cycling capacity when the current density was increased fifty-fold.
Prototypes of the aluminum battery cells were assembled by preparing composite electrodes containing polypyrrole or polythiophene powder with organic polymer binder and conductive carbon additive. These electrodes were combined with CIL-soaked separator and aluminum metal anode in a sandwich configuration in sealed Swagelok®-type cells. Although the galvanostatic cycling of these cells was not as stable as that of the electropolymerized films, they retained a significant amount of capacity with high coulombic efficiency after 100 cycles. Losses in capacity were attributed to the loss of active material to the electrolyte, but this did not cause cell shorting or changes in the cycling potential. This problem could be addressed by developing better binders for the material system here. The capacities measured in sealed prototype cells were 30-100 mAh g -1 , in agreement with those measured for electropolymerized films. These values were used with observed cell voltages to estimate the gravimetric energy density relative to the active cell components. The energy density of the polythiophene-CIL-aluminum cell chemistry was estimated as 44 Wh kg -1 , and that of the polypyrrole-CIL-aluminum cell was 46 Wh kg -1 . These energy densities are competitive for grid-scale energy storage; they are on par with those of flow battery 2, 45, 46 and lead-acid 2, 47 systems. As battery components based vanadium, lead, lithium, and cobalt continue to become more expensive and limited in supply, the type of aluminum batteries presented here may have a competitive edge based on their potential cost and safety advantages.
Despite the promising results presented here, there are limitations of the proposed battery chemistry. For both polypyrrole and polythiophene cells, significantly sloping voltage profiles for charge and discharge were observed. This will limit the amount of practical voltage that can be obtained from the battery for a full discharge. Furthermore, attempts to operate at voltages above 1.9 V reduce the coulombic (round-trip) efficiency of the cells to below 90%. The irreversible reactions at higher voltages will consume the ionic liquid electrolyte and lead to capacity losses. This highlights another limitation of the battery chemistry, which is the active participation of the chloroaluminate electrolyte in the electrode reaction. In contrast to rocking-chair batteries, cell capacity in the anion-insertion chemistry presented here is dependent on the amount of electrolyte. The amount of CIL must scale with the size of the anion-insertion electrodes, but the minimum required amount of CIL must be used to achieve the highest possible energy density (unlike the demonstrations presented here, in which an excess of electrolyte was used). In this case any losses of electrolyte through irreversible reaction or precipitation would reduce the cell's effective capacity. Nevertheless, the results presented here prove that an aluminum-based battery operating at room temperature, with a cycling aluminum-metal anode, can exhibit excellent stability and efficiency (up to hundreds of cycles) and competitive energy density. Increased understanding of the electrode reaction mechanisms may lead to more informed design of active electrode materials with increased capacity or more desirable voltage profiles. Furthermore, the modification of CIL electrolytes or the use of alternative electrolytes, which was not explored here, may allow for higher voltage limits and lead to increased energy density and efficiency. 
